Abstract -In this paper, we tackle one fundamental problem in Underwater Sensor Networks (UASNs), routing. Aiming at many challenges to the Routing protocol design of UASNs, which are bought by the features of UASNs, such as low bandwidth, high latency, dynamics topology resulted by node float mobility, high error probability and so on, a novel reactive routing protocol is proposed, called information-carrying based routing protocol (ICRP), to provide energy efficient, real-time and scalable routing. Because the control packet of establishing path is carried by the data packet, the information-carrying mechanism not only is energy efficient, but also results in low end-to-end delivery delay. It does not depend one the location information of nodes. No state information is required on the sensor nodes and only a small fraction of the nodes are involved in routing. Hence, the protocol is also scalable and is suitable stationary, mobile and hybrid network. We evaluate the performance of ICRP through extensive simulations and physical experiments. Our results show that ICRP can effectively achieve the goals of energy efficiency and low data delivery delay.
I. INTRODUCTION
Underwater Acoustic Sensor Networks (UASNs) shown in Fig.1 is a kind of measuring and controlling network system consisting of unmanned or autonomous underwater vehicles (UUVs/AUVs) and sensor nodes that have sensing, communication computing and moving capabilities, and is a typical autonomous and intelligent system which can independently accomplish specific tasks depending on the changing environment over a given volume of water.
UASNs are envisioned to enable applications for oceanographic data collection, pollution monitoring, offshore exploration, disaster prevention, assisted navigation and tactical surveillance applications [1] . Multiple unmanned or autonomous underwater vehicles(UUVs/AUVs), equipped with underwater sensors, will also find application in exploration of natural undersea resources and gathering of scientific data in collaborative monitoring missions. To make these applications viable, there is a primary need to enable underwater communications among underwater devices. Underwater sensor nodes and vehicles must possess selfconfiguration capabilities according to the varying characteristics of the ocean environment, i.e., they must be able to coordinate their operation by exchanging configuration, location and movement information, and to relay monitored data to an onshore station. Acoustic communications are the typical physical layer technology in underwater networks. In fact, radio waves propagate through conductive salty water only at extra low frequencies(30-300Hz), which require large antennae and high transmission power, and can only achieve a very short transmission range. Optical waves do not suffer from such high attenuation but are affected by scattering. Moreover, transmission of optical signals requires high precision in pointing the narrow laser beams. Thus, links in underwater networks are usually based on acoustic wireless communications [2] .
Although Many researchers are currently engaged in developing networking solutions for terrestrial wireless ad hoc and sensor networks, and there exist many recently developed network protocols for wireless ad hoc and sensor networks, the unique characteristics of the underwater acoustic communication channel, such as limited bandwidth capacity and high propagation delays [3] , require very efficient and reliable new data communication protocols. Major challenges in the design of underwater acoustic network protocols are as follows:
1) Limited energy: Battery power is limited and usually it is difficult replace and recharge batteries, also because solar energy cannot be exploited underwater.
2) Complex channel: The underwater channel is severely impaired, especially due to long and variable propagation delays, multi-path and fading problems.
3) Narrow bandwidth: The available bandwidth of the underwater links is severely limited.
4) Often failure: High bit error rates and temporary losses of connectivity can be experienced, especially in the shadow zones; and underwater sensor nodes are prone to failures because of fouling and corrosion.
5) High dynamics:
Underwater sensor networks suffer from the node moving. The network topology changes very rapidly, even with small displacements due to strong multipath.
Hence, routing protocols designed for underwater acoustic networks must satisfy the following requirements.
1) Energy efficiency:
Saving energy is a major concern of routing protocol design in underwater acoustic networks.
2) Real time delivery: At the same time, routing of underwater acoustic networks should be able to handle long delay so that data are delivered on time.
3) Scalability: UASNs usually cover a quite large volume of water, to they are large scale network. Moreover, UASNs can be stationary, mobile or hybrid. Hence, routing protocol must be extremely scalable.
Thus, to provide scalable and efficient routing in UASNs, we have to seek for new solutions.
In this paper, we propose a novel routing protocol, called information-carrying based routing protocol(ICRP), to address the routing problem in UASNs. ICRP is essentially a reactive routing approach. It is energy efficient, real-time and scalable. On the one hand, information-carrying mechanism, in which the control packets of route establishment are carried by the data packet, saves the transmission energy so that the protocol is energy efficient. On the other hand, it eliminates the delay of control packets and decreases the end-to-end delivery delay. In addition, it does not depend one the location information of nodes. No state information is required on the sensor nodes and only a small fraction of the nodes are involved in routing. Hence, the protocol is also scalable and is suitable stationary, mobile and hybrid network. We evaluate the performance of ICRP through extensive simulations and physical experiments. Our results show that ICRP can effectively achieve the goals of energy efficiency and low data delivery delay.
The remainder of this paper is organized as follows. In Section II, we introduce the existing research work and discuss the suitability of the existing ad hoc and sensor routing solutions for the underwater environment. In Section III, we present an information-carrying routing protocol, while in Section IV the implementation of routing protocol is described in detail. Finally, in Section V we show the performance results of the proposed solutions, while in Section VI we draw the main conclusions.
II. RELATED WORK
There has been an intensive study in routing protocols for terrestrial ad hoc [4] and sensor networks [5] in the last few years. Especially, some routing protocols of ad hoc network are used in UASNs because of the mobility of UASNs. However, due to the different nature of the underwater environment and applications, the existing terrestrial routing solutions are not nicely fit for underwater networks. The existing ad hoc routing protocols are usually divided into two categories, namely geographical and non-geographical routing protocols.
Geographical routing protocols (e.g., GFG [6] , PTKF [7] , LAR [8] , GPSR [9] , DREAM [10] ) are based on location information of nodes and are very promising for their limited required signaling. However, GPS (Global Positioning System) radio receivers, which may be used in terrestrial systems to accurately estimate the geographical location of sensor nodes, do not work properly in the underwater environment.
Non-geographical routing protocols do not depend on the location information of nodes and can be divided into two classed. One is proactive protocol, another is reactive protocol. Proactive protocols (e.g., DSDV [11] , OLSR [12] , WRP [13] , STARA [14] ) is also called table-driven routing and need to establish routing table. Once the network topology is modified because of node mobility or failures, the updated topology information has to be propagated to all nodes of network. Each node stores the path to any other node in the network. Because the large signaling protocols overhead to establish and maintain routing table, proactive protocols are not suitable for UASNs. Reactive protocols (e.g., AODV [15] , DSR [16] ) establish path when there are packets to transmit. These protocols are more appropriate for dynamic environments of UASNs. However, they incur a higher latency and still require source-initiated flooding of control packets to establish paths. Low-complexity mechanisms to solve the problem with limited energy expenditure need to be further investigated by the research community.
Some recent papers propose routing protocols specifically tailored for underwater acoustic networks. In [17] , the authors provide a simple design example of a shallow water network, where routes are established by a central manager based on neighborhood information gathered from all nodes by means of poll packets. However, the paper does not discuss the criteria used to select data paths. Moreover, sensor nodes are only deployed linearly along a stretch. In [18] , a routing protocol is proposed that autonomously establishes the underwater network topology, controls network resources, and establishes network flows, which relies on a centralized network manager running on a surface station. In [19] , a longterm monitoring platform for underwater sensor networks consisting of static and mobile nodes is proposed, and hardware and software architectures are described. The nodes communicate point-to-point using a high-speed optical communication system, and broadcast using an acoustic protocol. However, due to the limitations of optical transmissions, communication is enabled only when the sensors and the mobile mules are in close proximity. In [20] , a vector-based forwarding routing is developed. The proposed algorithm, however, is a location-based routing. In [21] , two distributed routing algorithms are introduced for delayinsensitive and delay-sensitive applications. However, these two routing algorithms are geographical routing. In [22] , the problem of data gathering for three-dimensional underwater sensor networks is investigated by considering the interactions between the routing functions and the characteristics of the underwater acoustic channel. A two-phase routing solution is developed. But this protocol is relying on topology information gathered by a surface station.
III. INFORMATION-CARRYING BASED ROUTING PROTOCOL
A dynamic proactive routing protocol called informationcarrying based routing protocol(ICRP) is proposed. The ICRP includes three steps, that is, route discovering, route maintenance and route retraction. Detail protocol is introduced as followings.
A. Route Discover
As shown in Fig.2(a) , a part of a network is consist of three stationary nodes 1, 2, 3, 4 and two mobile nodes A, B. Two mobile nodes can not communicate because they are far away. If they are in the range of stationary nodes, they can communicate through the relay of stationary nodes. In ICRP, the route establishment process is initiated by source node of packets. When source node will send packet to destination node, but no route is existed, source node will broadcast the data packet carrying the route discovering message. And other nodes receiving the data packet also transmit this packet and record the reverse path, through which this packet pass, as shown in Fig.2(b) . When destination node receives the packet, destination node gets the reverse path from source node to destination(i.e. the path from destination node to source node). If destination node nicely has data packet to source node, the acknowledgment message can be carried by data packet and data packet can be delivered along the reverse path. Otherwise, destination node transmits an acknowledgement packet to source node through the reverse route, as shown in Fig.2(c) . The route is established and can be used to transmit data packet from source node to destination node when source node receive the acknowledgement packet, as shown in Fig.2(d) . Aiming at the acoustic communication uncertainty and energy constraints, the route discovering packet is carried by the first data packet from source node to destination node, which decrease the times of communication in order to saving the energy and time of communication.
B. Route Maintenance
When data packet with route discovering message is transmitted in broadcast manner, the reverse route is setup. Each destination node corresponds to one path, each path have a time property, the time property denotes the times that the route path is not used by transmission and is called route lifetime. The larger route lifetime is, the longer time for which the path is unused is. When the lifetime exceeds the threshold value TIMEOUT, the route is invalid. Then node needs route rediscovery when the route is needed. If node uses the path before its threshold value, the lifetime is reset to 0, denoting the path is used just now. If MAC layer find that the path between two neighbor nodes is broke, it will inform the neighbor node to modify the routing table.
C. Route Retraction
When the route lifetime item in route table exceeds the defined threshold value, the route is regard as invalid and is canceled. If there are packets to be sent to this destination, the route rediscovery is needed and route table items are updated.
D. Periodic Sleeping
Because the sampling interval is usually long for ocean application and energy saving is the main goal of UASNs protocol design, nodes can shut down the transceiver till the next sampling or receiving after of receiving and transmission.
IV. IMPLEMENTATION OF ICRP
Section III gives the main idea of the ICRP, while this Section will introduce the implementation detail of ICRP
A. Packet Format Definition
The total length of packet is defined as UWA_PACKET_LENGTH and the control packet is 13 bytes. The data structure of packet is defined as follows. struct UWA_Packet { unsigned short destaddr; unsigned short souraddr; unsigned char type; unsigned char length; unsigned short thisaddr; unsigned short nextaddr; unsigned short seqNO; unsigned char hopcount; unsigned char data[BUFFER_SIZE]; } UWA_Packet;
The destaddr and souraddr are respectively the address of destination node and source node, their length is 2 Byte. The type denotes packet type used to judge the validity of packet and to carry control message, its length is 1 Byte. The length denotes length of packet and occupies 1 Byte. The thisaddr and nextaddr are respectively the address of medial source node and next-hop node, their length is 2 Byte. The seqNO denotes the sequence number of packet from the same source node and occupies 2 Byte. The hopcount is used to record the hop count passing of node and is 1 Byte. The data[BUFFER_SIZE] is the actual load of packet and its length is BUFFER_SIZE.
B. Routing Table Management
This routing protocol is based on distributed routing 
C. Implementation of Transmission
Assuming the acoustic channel is symmetric and the difference of the bidirectional channels between the two nodes is tiny. Route discovering, maintenance and retraction function is implemented based on Section III.
The node analyzes the packet contents after receiving the packet and decides to discard or transmit the packet. The criterion of determination is as follows.
1) Packet type:
The type of received packet is predefined. If the type of received packet does not match with the predefined, the packet is discarded.
2) Validation of the final: destination address. If the final destination address is valid, then transmit, or discard.
3) Reduplicate packet: If the local address is same as the medial source address, the packet is reduplicate and discarded.
The protocol support two transmission manners: one-time transmission and continuous transmission.
Finite status machine model and program flow chart of one-time transmission manner are shown in Fig.3 . In the onetime transmission manner, the node shuts down the power and waits for the next receiving after node receives a packet no matter whether it transmits. In this section, we discuss the simulation and physical experiment performance of the proposed routing solution.
A. Simulation Evaluation
To simulate the characteristics of underwater environment, in particular, we modeled the underwater transmission loss, the transmission and propagation delays, and the physical layer characteristics of underwater receivers. As far as the MAC layer is concerned, we adapted IEEE802.11 without RTS/CTS handshaking mechanism.
As far as the proposed routing algorithm is concerned, we considered 100 sensors randomly deployed in a 3D volume of 100×100×100m 3 , which may represent a small harbor. We set the bandwidth to 5kbps and communication rate is 600bps, the maximum transmission power to 1W, the packet size to 256 Byte, the initial node energy to 1000J. Moreover, all deployed sensors are source, with packet inter-arrival time equal to 600s, which allows us to simulate a low-intensity background monitoring traffic from the entire volume. In particular, we compare the routing performance between the AODV and the proposed routing algorithm when three different metrics are used.
Simulation results are shown in Fig.5 . And "o" stands for performance of proposed routing protocol, "*"shows ADOV performance. Simulation results show the proposed routing protocol is better than ADOV in energy dissipation and delay. 
B Physical Experiment Evaluation
Our experiments were made in Qipanshan reservoir, whose position is longitude 123.4 degrees east and latitude 41.56 degrees north. The area is about 5.04 km 2 and the depth is from 2m to 14m. The scenario of experiment is shown in Fig.6 . We have deployed three nodes. The first one is consist of Benthos Acoustic Telemetry Modems ATM891 and ATM408, and it is stationary sink node. The second one is Benthos ATM885 Modem and work as a relay node. And the third one is a sensor node and is consist of Benthos ATM885 and CTD sensor measuring water temperature, saltiness and depth. Relay node and sensor node are floating with boat. The sampling interval is 30s. The measured data are shown in Fig.7 . The distance between two nodes is about 1600m. The communication rate is 600bps. The modem work in frequency band 9-14kHz and average transmission energy is 40W. The data packet is 112 Byte and control is 16 Byte. The relative moving speed between nodes is from 0 to 1.5m/s. The end-toend delay results are shown in Fig.8 and consistent with simulation results. 
IV. CONCLUSIONS
The problem of data gathering in a three-dimensional underwater sensor network was investigated. The research on routing protocols of UASNs compared to terrestrial sensor network. In this paper, a novel routing solution was proposed for UASNs. Its effectiveness in providing energy-efficient, scalable and reliable data paths were evaluated by means of simulation and physical experiments.
